The factors that contribute to the formation and location of hybrid zones are of importance to ecologists and evolutionary biologists because of these zones' ability to provide information regarding reproductive isolation between closely related species and ultimately speciation. Due to this importance, a multitude of theories for why and where hybridization occurs exists in the literature. Many of the early mechanisms proposed for the formation of hybrid zones concentrated on the genetic aspects of hybridization (Stebbins 1950 , Dobzhansky 1951 , Mayr 1963 or the role of species abundances and dispersal abilities (Barton and Hewitt 1985) .
In opposition to the classical viewpoint of hybrid zones being independent of the environment, some authors have advocated the importance of preexisting and present-day environmental backdrops in determining the location of hybrid zones (Anderson 1948 , 1949 , Remington 1968 , Endler 1977 , Moore 1977 , Rieseberg et al. 2003 , Swenson 2006 . The pioneering work in this area was carried out by the botanist Edgar Anderson, who first presented the idea of "hybridization of the habitat." Anderson (1948 Anderson ( , 1949 argued that a Louisiana Iris hybrid zone he studied was formed through anthropogenic disruption of the landscape that created intermediate light environments. The introgression that occurred in the Iris system resulted in hybrids that were more fit than either parental species in these intermediate light habitats. Because of this finding, Anderson suggested that plant hybrid zones would tend to cluster in areas that have been recently disturbed by humans. This initial work has been expanded to provide a variety of mechanisms that may explain the correlation between hybrid zones and the environmental backdrop (e.g., Endler 1977 , Moore 1977 , Buerkle et al. 2000 , Rieseberg et al. 2003 , Swenson 2006 .
Oaks have traditionally caused many problems for taxonomists because oaks often hybridize (Stebbins 1950 , Burger 1975 . Oak species seem to stay distinct despite high levels of hybridization and introgression (Howard et al. 1997) . Further, oaks may display vastly different levels of hybridization at different locations (Williams et al. 2001) . The difference in hybridization levels makes oaks an interesting study system in the southwestern United States, where 7 oak (Quercus) species interbreed to form the Quercus undulata hybrid species complex. Quercus gambelii Nutt. has been referred to as the common denominator ABSTRACT.-The historical and environmental forces involved in determining the geographic location of plant hybrid zones have long been of interest. Often hybrid zones appear to be intimately tied to the environment, yet because many abiotic factors covary it is often difficult to understand which are truly the most important in maintaining the position and structure of a hybrid zone. This study uses empirical data and modeling analyses to examine whether abiotic factors are responsible for the location and structure of an oak (Quercus) hybrid zone and, if so, which factors are the most important. Specifically, leaf trait measurements and ecological niche models were used to test the hypothesis that water availability plays a primary role in promoting and maintaining the location of hybridization between 2 species. Leaf trait analyses and ecological niche models both supported the hypothesis that water availability determines the location and structure of the hybrid zone. These findings lend support for the general importance of environmental factors in determining hybrid zone location and structure. Furthermore, they demonstrate how functional trait analyses and predictive ecological niche models can be used in future hybrid zone research.
in this complex because it seems to be a large component in all hybrids formed, whereas the other 6 species are not always represented (Tucker 1961) . While Q. gambelii has been described as being water-stress tolerant when compared to more-northerly distributed Quercus species in North America (Dickson and Tomlinson 1996) , it is found in some of the wettest habitats occupied by the 7 species in the Q. undulata complex (Tucker 1961) . Conversely, Q. grisea is found in some of the driest habitats occupied by species within the Q. undulata hybrid complex. This dichotomy has been hypothesized to be important in determining the location of the Q. gambelii-Q. grisea Liebm. hybrid zone (Williams et al. 2001) . Williams et al. (2001) showed that pollen inviability in Q. gambelii is responsible for differing levels of hybridization in contact zones and hypothesized that this inviability is due to water stress, but the water-stress hypothesis for the parental species in these contact zones has yet to be tested. Thus, it is unclear whether the location of this hybrid zone is environmentally determined.
During the past 3 decades, plant biologists have become increasingly successful in detecting morphological and physiological responses of plants to water deficit by using leaf trait measurements. Studies describing leaf morphological and physiological traits in parental species and their natural hybrids are now rapidly accumulating (e.g., Williams and Ehleringer 2000 , Weih 2001 , Fischer et al. 2004 , Ludwig et al. 2004 , Campbell et al. 2005 . Most of these studies have focused on leaf traits that are indicators of plant-water relations, and all of these studies have pointed towards the general importance of the environment in determining the location and struc ture of plant hybrid zones. In one of the most comprehensive studies to date, Ludwig et al. (2004) analyzed 15 wholeplant traits in the well-studied Helianthus system. They found that approximately half of the traits studied were indeed transgressive, yet not always in the same direction, and they further emphasized the importance of functional traits related to plant-water relations in the hybrid origin of H. anomalus.
Although leaf trait measures can be indicative of plant-water relations and can therefore often give strong evidence of plant water-stress tolerance, it can be difficult to conclusively say which abiotic variable (i.e., precipitation or temperature) is the predominate stressor. Ecological niche models have the potential to resolve this problem. Through the use of known parental species or hybrid population locations and digital environmental maps, a multidimensional fundamental ecological niche can be formulated. The relative influence of each digital environmental map used to generate the fundamental niche can then be jackknifed to determine which abiotic variables are the most correlated with species, or hybrid, locations. This attribute of ecological niche models makes them extremely useful to hybrid zone researchers (Kohlmann et al. 1988 , Cicero 2004 , Swenson 2006 , 2008 . Furthermore, the combination of ecophysiological measurements, which can indicate environmental determinism of hybrid zone locations, and ecological niche models, which can parse out the importance of individual climatic parameters in determining hybrid zone locations, offers a novel synthetic approach towards determining what controls the location and maintenance of hybrid zones (Swenson 2006 (Swenson , 2008 .
Our study uses leaf trait measurements and ecological niche models in a hybrid system to infer whether water availability dictates the location of hybridization between Q. gambelii and Q. grisea in central and northern New Mexico. Specifically, we ask (1) do parental species show differing levels of water stress in areas of differing levels of hybridization? and (2) do hybrid plants use water resources more or less efficiently compared to their parental species?
METHODS

Study Sites
A total of 3 sites, 2 hybrid zones and 1 contact zone, were utilized for this study. In this study, we defined a hybrid zone as a geographic area where Q. gambelii and Q. grisea interbreed to produce mixed progeny, and we defined a contact zone as a geographic area where no mixed progeny are produced.
The first 2 sites were located at the same elevation in the San Mateo Mountains (SMM) in west central New Mexico (34°56፱N, 107°30፱W). Each of the SMM field sites had an elevation within 100 m of 2500 m and were located within approximately 1 km of each other. One of the 2 SMM sites was determined to be a contact zone because no hybrid
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OAK HYBRIDIZATIONindividuals were evident in the community. The contact zone was located on a slope with a northern aspect and was comprised of trees 3-4 m in height with few ramets. The other SMM site was determined to be a hybrid zone located on a slope with shallow rocky soils and a southern aspect. The site was comprised of trees 1-2 m in height, typically with multiple ramets, and with less soil water available as compared to the contact zone described in Williams et al. (2001) . Samples from fully expanded sun-exposed leaves from parental plants were taken from both SMM sites. It is important to note that the SMM sites used in this study were the same as those used in the pollen inviability study conducted by Williams et al. (2001) , allowing for comparisons between the 2 studies. The 3rd site was located in Bandelier National Monument (BNM) in north central New Mexico (35°22፱N, 106°05፱W) adjacent to the Falls Trail. This site was used to determine whether leaf traits in the natural hybrids in this system are intermediate or transgressive (Rieseberg et al. 1999 ). This site was determined to be a hybrid zone comprised of shallow rocky soils and trees 1-2 m in height, typically with multiple ramets. Leaf samples from parental and hybrid plants were collected from within this locality.
Upon collection, samples from all 3 sites were characterized as Q. gambelii, Q. grisea, or an F1 hybrid based on their leaf morphology as described in Aguilar and Boecklen (1992) . Plants that appeared to be F2 individuals based on leaf morphology (Aguilar and Boecklen 1992) were not utilized for the study. Leaf morphology has long been recognized as a reliable method for the identification of, and differentiation between, parental species, hybrids, and backcrosses in the Q. undulata complex (Tucker 1961 , Howard et al. 1997 ).
Leaf Trait Measurements
We collected 30 sun-exposed leaves from 30 individuals of each parental species in the SMM contact zone and also from 30 individual hybrid plants in the SMM and BNM hybrid zones. We used sun-exposed leaves in order to avoid variation in 13 C natural abundance ratio (δ 13 C) and nitrogen concentrations of leaf tissue that could be caused by microenvironmental effects (Ehleringer and Cooper 1988) . Next, wet leaf area and wet mass were recorded for each individual within 12 hours of collection. Dry mass was recorded after leaf samples were dried for 48 hours in a 60 °C drying oven. These variables were used to quantify leaf area (cm 2 ; LA), leaf succulence (grams of water lost per unit area; LS), and specific leaf area (leaf area per unit mass; SLA). Finally, the leaves from a subset of individuals (n = 10) from each species or hybrid population were ground into a fine powder for carbon stable-isotope analysis in order to quantify nitrogen content. Finally, leaves from 10 individuals within each species or hybrid population were ground into a fine powder for carbon stable isotope analysis and in order to quantify their nitrogen content.
Using the δ 13 C data, we then calculated carbon discrimination (Δ 13 C) values by the following equation:
where δ a is the natural abundance of 13 C of atmospheric carbon dioxide in the ambient environment (estimated as -8.0‰; Ehleringer et al. 1993 ) and δ p is the natural abundance of 13 C in the plant sample. These data were converted to Δ 13 C because of its usefulness as a surrogate for intrinsic water-use efficiency (WUE i ; Farquhar et al. 1982 , Brugnoli et al. 1988 . Intrinsic water-use efficiency, the ratio between net photosynthetic assimilation (A) and stomatal conductance (g), was of interest in this study because it provides information pertaining to plant interaction with the local hydraulic environment (Dawson et al. 2002) . Therefore, an increase in the A:g ratio is attributed to a decrease in stomatal conductance. This decrease in g and increase in WUE i are of interest in this study because they indicate water stress experienced by the study species and their hybrid.
Ecological Niche Models
Ecological niche models use known population locations for a species and values for environmental variables (i.e., elevation, precipitation, temperature) at those point locations to quantify the ecological niche for the focal species. This ecological niche is then projected onto a map of a study area. The resulting map represents where the study species, or population, should or could occur based on its modeled niche and the environmental backdrop of the study area. Areas where the species is predicted to occur but is known not to occur are therefore indicative of the difference between the fundamental and realized niche of the species, which difference is presumed to be caused by competition or a barrier to dispersal. For all analyses in this study, we used an ecological niche model called the genetic algorithm for rule-set prediction (GARP; Stockwell and Nobel 1992) . The desktop version of the GARP software was downloaded from the Desktop-GARP home page (www.lifemapper.org/desktopgarp/).
Point location data for Q. gambelii, Q. grisea, and their hybrid were obtained from herbaria at University of Arizona, Arizona State University, and Colorado State University and from personal field collections by the senior author. The physiographic data (elevation, slope, and aspect) used as model input were downloaded from the USGS Seamless Data Distribution System (http://seamless.usgs.gov/). The slope and aspect map layers were derived in a GIS from the digital elevation model (DEM) map layers. The digital map layers of climatic variables were created in a GIS from data provided by the Intergovernmental Panel on Climate Change (www.ipcc.ch/). GARP randomly sampled from the distribution of known point occurrences and utilized "pseudoabsence" points (areas in the study area where the species has not been recorded) to correlate the known distribution of the species with values for all environmental map layers. This process generated an environmental envelope in which the species have a high probability of occurring. By performing up to 1000 iterations, GARP converged upon a "rule" that described a niche for Q. gambelii, Q. grisea, and their natural hybrids. Using this "rule" GARP projected the niche of each species or their hybrid onto a map of North America to give a predicted range. This process was repeated 100 times for both oak species and their hybrid. Next, we used the portion of the dataset not used for model generation to test the strength of the model output (Stockwell and Nobel 1992, Oberhauser and Peterson 2003) . Using a chisquare test for each model, we tested whether the model tended to predict the presence of withheld data points. Specifically we used half of the herbarium point data (data not used to formulate the GARP models) to test whether each model successfully predicted the species' presence in the same locations in our independent dataset where the species is known to be present. The 80 models with the highest levels of omission error (percentage of independent test points not predicted by the model) were discarded from the 100 replicate niche models. Of the 20 remaining models, 10 were selected as optimal based on their levels of commission error (percentage of predicted area that does not have a known point occurrence). Finally, this subset of 10 optimal models was imported into ArcView 3.2 (ESRI 1999) and overlaid to create one consensus predictive range map.
We determined which environmental factors were the most important in producing accurate models by implementing a 2nd suite of GARP models for each species and the hybrid. This 2nd modeling process used a subset of environmental map layers while randomly excluding others during the formulation of each model. The jackknifing of environmental layers allowed us to determine which environmental variables were most crucial for accurate models (Peterson and Cohoon 1999) . The output from the jackknifing procedure was analyzed using a hierarchical partitioning approach to determine the relative importance of each environmental map layer to a model's predictive accuracy (Chevan and Sutherland 1991, Peterson and Cohoon 1999) . Specifically, we quantified how sensitive model output was to a single environmental variable. The variance explained between the jackknifed model and the original model was therefore used to explain the relative contribution of each variable to the generation of the model. The results are reported as 1 -explained variance. In other words, high reported values suggest that the variable was more critical in predicting the distribution of the parental species or hybrid than variables with low reported values were.
RESULTS
There was a significant difference in mean Δ 13 C values between Q. gambelii individuals in the San Mateo Mountain (SMM) contact zone and those in the hybrid zone (Table 1) . Thus, Q. gambelii showed a marked increase in water-use efficiency (WUE) in the hybrid zone compared to the contact zone. The leaf nitrogen (%N) was consistent across the different sampling locations (Table 1) . Leaf area (LA), specific leaf area (SLA), and leaf succulence
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OAK HYBRIDIZATION(LS) all decreased significantly when the contact zone was compared to the hybrid zone (Table 1) . These results are all indicative of plants responding functionally to water deficit. The mean Δ 13 C value for Q. grisea in the SMM contact zone was not significantly different than that for individuals in the SMM hybrid zone (Table 1) . Therefore WUE in Q. grisea does not seem to significantly differ in areas with different levels of hybridization. Similar to Q. gambelii, Q. grisea had consistent levels of leaf nitrogen (%N) across its different sampling locations (Table 1) . LA, SLA, and LS did not show a significant difference between the contact-zone and hybrid-zone Q. grisea populations (Table 1) . Thus there was no noticeable functional response of leaves to the different environments experienced between the contact zone and the hybrid zone.
Finally, we examined interspecific relationships in WUE i within the contact zone and hybrid zone in the SMM. Inside the contact zone, Q. gambelii was significantly greater in Δ 13 C compared to Q. grisea; therefore, WUE was higher for Q. grisea (t = 3.30, df = 20, P < 0.05) than it was for Q. gambelii. Within the hybrid zone, Q. gambelii had a lower, but not significant, Δ 13 C mean value than Q. grisea did (t = 0.88, df = 20, P > 0.05).
Within the hybrid zone in Bandelier National Monument (BNM), we sampled leaves from Q. gambelii, Q. grisea, and their natural hybrid. Quercus gambelii exhibited the highest mean Δ 13 C value, followed by Q. grisea and then their hybrid (Table 2) . Therefore we can conclude that the hybrid exhibited the highest levels of WUE in the BNM hybrid zone. The SLA and LS of the natural hybrid were significantly lower than those of the parental species (Table 2) . LA of the hybrid was also significantly different from LA of the parental species, but the hybrid showed intermediate values ( Table 2) .
All GARP models produced in this study were found to be statistically significant using a chi-square test (P < 0.05). The predictive ecological niche models for Q. gambelii, Q. grisea, and their hybrid provided different results (Table 3 ). The hierarchical partitioning analyses for Q. gambelii showed that precipitation and aspect were the 2 most important variables in determining this species' range. In contrast, temperature and elevation were the 2 most important variables in determining the range of Q. grisea. Finally, precipitation and aspect were the 2 most important abiotic variables in determining hybrid zone location. 
DISCUSSION
Quercus gambelii experienced significantly lower carbon discrimination, and therefore higher levels of water-use efficiency, lower specific leaf area, leaf area, and leaf succulence in the San Mateo Mountain hybrid zone as compared to the San Mateo Mountain contact zone. Converse to these findings, we found no change in foliar nitrogen content across sites with each species. The increase in WUE and the shift in leaf function in the hybrid zone suggest a physiological response in Q. gambelii caused by water deficit. Interestingly, Q. grisea did not show a significant change in Δ 13 C, SLA, LA, or LS between the contact zone and the hybrid zone. These results suggest that Q. grisea did not respond physiologically or morphologically to the abiotic differences between the SMM contact zone and hybrid zone locations.
Results from the Bandelier National Monument (BNM) hybrid zone show that the hybrid has the highest level of WUE, followed by Q. gambelii and then by Q. grisea. The hybrid population's Δ 13 C, SLA, and LS values were significantly lower than either parental species' values. These results suggest that hybrid individuals tolerate a level of water stress that is higher than the level that either parental species in this hybrid zone can tolerate. The results from the SMM and BNM suggest that Q. gambelii has relatively little ability
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OAK HYBRIDIZATION 503 (Ludwig et al. 2004 ), but, contrary to our findings, Δ 13 C, SLA, and LS phenotypes are generally positively transgressive or intermediate (Weih 2001 , Fischer et al. 2004 , Ludwig et al. 2004 . Transgressive traits can be seen as providing a pathway for natural hybrids to colonize novel environments in which selec tion would favor the hybrid over the parental species (Rieseberg et al. 1999 (Rieseberg et al. , 2003 . The transgressive traits demon strated in the hybrid in this study all provide increased water-stress tolerance and suggest that the hybrid phenotype may exclude parental genotypes in the driest environments. Further studies in this system will be needed to test whether this is indeed the case.
Although the natural hybrid in this system does seem to be more stress tolerant than the parental species, this evidence is not enough to describe what determines the location of this hybrid zone. The asymmetrical physiological and morphological responses of the parental species to environmental stress seem to be equally if not more informative. The phenotypic shift in Q. gambelii between the SMM hybrid zone and the SMM contact zone indicates that this species is experiencing an increase in water deficit, whereas the Q. grisea phenotypes did not shift noticeably between the 2 locations. Various environmental stresses, including water stress, frequently have negative impacts on plant reproduction (Freeman et al. 1981 , Delph et al. 1997 , Saini 1997 , and it seems plausible that this is occurring in the present hybrid zone (Williams et al. 2001 ). Although we lack infor mation on the reproductive success of the hybrid individuals, our data show a decrease in water-stress tolerance in one parental species,
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WESTERN NORTH AMERICAN NATURALIST [Volume 68 Q. gambelii, where hybridization is common and in the same locations where Williams et al. (2001) demonstrated pollen inviability in Q. gambelii. Further studies in this system that measure reproductive success under controlled water availability would prove useful in determining the relative fitness of hybrids compared to parental species.
The physiological and morphological variables of the parental species and their natural hybrid suggest that the environment plays a central role in determining the location of the hybrid zone. Because many interrelated environmental variables (e.g., precipitation and elevation) could potentially explain the physiological and morphological attributes of the plants studied, it is difficult to discern which environmental variables are the most important in determining the location of the hybrid zone. Therefore, we used ecological niche models in this study to uncover the relative importance of different environmental variables that could potentially control the location of the Q. gambelii-Q. grisea hybrid zone. In particular, precipitation and aspect were the 2 most important variables in determining the range of Q. gambelii. Because soil water availability is typically correlated with aspect, these results are expected. This suggests that Q. gambelii may be at its physiological limit in the hybrid zone due to a more xeric environment, whereas Q. grisea is not at its physiological limit in the contact zone or hybrid zone. According to our model results, Q. grisea should be able to physiologically tolerate a range expansion to higher elevations if it is not competitively excluded by Q. gambelii.
As discussed above, multiple models that include species-by-environment interactions as crucial elements in determining the geographic location of hybrid zones have been proposed (Anderson 1948 , 1949 , Endler 1977 , Moore 1977 . On a fine scale, the hybrid zone in question seems dependent on an environmentally
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OAK HYBRIDIZATION 505 Fig. 3 . Predicted range of the Quercus gambelii × Q. grisea hybrid zone (grey) using GARP niche modeling. The black circles represent herbarium specimen locations and study sites. The accuracy of this model was largely determined by the inclusion of elevation and mean annual temperature variables.
caused physiological constraint occurring in only one parental species, as hypothesized originally by Williams et al. (2001) . Previous studies that have measured environmental parameters in hybrid zones have come to similar conclusions (i.e., that at very fine scales many hybrid zone locations may be controlled by the environment; see Rand and Harrison 1989, Johnston et al. 2001) . These observations contrast starkly with the viewpoint held by many early hybrid zone researchers that genetic incompatibilities are the main determinant of hybrid zone locations and that the environment plays little to no role. Through analysis of the anatomy and physiology of the constituent species and their natural hybrid in the present hybrid zone and through sophisticated ecological niche modeling, we have provided support for the alternative viewpoint that the environment does indeed play a large role in determining the location of hybrid zones. It seems that the drought-tolerant transgressive traits exhibited by the natural hybrids in this system are favored in the more xeric environments, which characterize the hybrid zone. In addition our evidence suggests that the drier hybrid zone climate promotes hybridization by inducing water stress and pollen inviability in the less stress-tolerant parental species, Q. gambelii; this is shown by the asymmetrical physiological and morphological responses of the 2 parental species between the contact zone and the hybrid zone.
In summary, it seems likely that other environmentally dependent hybrid zones may also exhibit asymmetrical constraints that play a large role in determining their geographic location and levels of hybridization. These constraints may only be uncovered with multifaceted empirical and theoretical investigations such as our studies. We therefore encourage more fine-scale physiological, morphological, and environmental examinations and ecological niche modeling of hybrid zones.
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